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ABSTAACT 
Alumina-mullite (A-M) composites have been developed 
with several different microstructures; I, u_ni f ormly dispersed 
A and M, with either fine (2 µm), or coarse (7 µm) grain size, 
and II, single phase, spherical agglomerates (-50 µm) randomly 
distributed within a fine, uniform A-M matrix. The large 
thermal E?xpansion mismatch between A and M (~a-4xlo-
6 0 c-1) 
enabled substantial localized residual stresses to be built 
into these structur~s. In the case of typ~ II composites, the 
surrounding matrix was subje~ted to either tensile or 
compressive hoop stress dependent on the selection of A or M 
spheres. Fracture path m·icrographs illustrate the differences 
in crc;1ck interaction for these mater ia 1 s. Indentation-strength 
t~~ting of the fine grain uniform composites indicated that 
toughness was independent of crack length, and increased 
linearly with A content. Hardness and strength exhibited the 
same dependence on A volume fraction. The A-M syste~ was found 
to be highly resistant to grain growth at 1825°C in comp~rison 
to its single phase constituents. For the uniform A-M 
materials· the limited coarsening achieved. was sufficient to 
induce pronounced R-curve behavior. Addition of agglomerates 
~ 
produced even greater flaw tqlerance compared to the matrix 
material alone, and t6 uniform composites of the same 
composition. The A spheres were es·pecially successful 
. In 
promoting a strong R-curve response. These resu·lts are 
discussed in terms of existing toughening models~ 
1 
1 INTRODUCTION 
Locali-zed, internal stress fields play an extremely 
important role in the toughening of polycrystalline ceramics. 
These stresses may arise from thermal expansi.on or elastic 
modulus mismatch at gr~1n boundaries, or maybe the result of 
constrained particles undergoing thermal or stress induced 
phase transformations. Localized stresses contribute towards 
toughening mechanisms such .as, crack deflectionr
1 microcrack 
tou_ghening, 2 
. grain localized bridging3 and transformation 
toughening. 4 The local stress state has a profo~nd effect on 
the w~y cracks- interact with ceramic microstructures. 
In this study, local residual stresses are 
deliberately built 
. 1n by combining two phases with 
substantially different coefficients of thermal 
. 
expansion 
(CT~). The two components selected were a-alumina and mullite 
which have a· difference in CTE of -4 x 10·
6 0c· 1 • Both phases 
are completely compatible and offer many advantageous 
properties. Mullite_ displays outstanding high temperature 
strength5~8 and creep resistance, 9· 11 whi_le alumina has superior 
room temperature strength and hardness. 
12
, 
13 Both exhibit 
excellent thermal stability and chemical inertness, 
14 low 
density and low dielectric constants. The two phases differ, 
in th~t, mullite has low thermal conductivity and low elastic 
modulus, 15 whilst the reverse is true for alumina.
16 Mullite 
2 
also possesses high infrared transparency. 
17 Fracture 
toughness, however, is poor for both materials, 
16
, 
18 
_and any 
improvement through a composite approach wou·ld be desirable. 
Addition of alumina to mullite may also overcome 
several fabrication problems associated with the production of 
"pure" mullite. A silica rich liquid phase is often developed 
in microstructures wi.th a bulk composition well within the 
mullite phase region. 19 •20 This resul.ts in abnormal and 
uncontrolled grain growth. Excess alumina would be expected to 
eliminate the amorphous phase and inhibit grain growth. When 
single phase mullite is achieved in the absence of any glassy 
phase a fully dense product is difficult to obtain. The 
coexistence of a highly sinterable alumina powder may also 
resolve this problem. 
In this thesis a broad range of alumina-mu1li te 
compositions were prepared by conv·entional powder methods. 
Microstructural coarseness was varied by heat treatment, and 
by the introduction of spherical, single phase agglomer~tes. 
Fig. 1 schematically represents the four types of 
microstructur.es investigated. The fracture behavior, strength, 
and hardness of these structures are discussed in terms of 
composite theory, and the contribution of localized residual 
stress towards possible toughening mechanisms. 
3 
• 
(a) ( b) 
(c) (d) 
Fig. 1 A schematic representation of the microstructures 
investigated in this study; (a) fine grain ilumina-mullite, 
(b) coarser grain alumina-mullite, (c) spherical alumina 
agglomerates dispersed within a matrix of (a), (d) spherical 
rnullite agglomerates dispersed within a matrix of (a). 
4 
2 BACKGROUND 
2.1 The Crystal Struct~re of a~Alumina and Mull
ite 
The crystal structure of a-Al 20 3 (corundum) 
. 
lS 
rhombohedral. It consists of a close packed hexag
onal array of 
oxygen ions with two thirds of the available oct
ahedral sites 
filled with aluminum cations.
16 
Mullite, nominally is not 
a 
stoichiometric compound and exists over a so
lid solution 
range. It can be considered to have a disordered, 
sillirnanite~ 
like structure21 in which some silicon ions ar
e replaced by 
aluminum 
. 
·ions, and oxygen vacancies are generated to
 
compensate for the corresponding charge imb
alance. 22· The 
structure is orthorhombic, however the precise
 details are 
still not completely resolved.
23 
2. 2 The .S io2-Al 203 Phase Diagram 
Mullite is the only stable intermediate phase in t
he 
Sio2-Al 203 binary system at atmospher
ic pressure. The original 
phase diagram published by Bowen and Greig
24 (fig.2): shows 
mullite as a line compound (3Al 203 .2Si02). In a later study 
by 
Aramaki and Roy25 it was found to exist over a
 composition 
range from 71.8 to 74.3 wt.% Al 2o3 (fig.2). Ever since, the
re 
5 
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Fig. 3 Contradictory proposals for the solid solution iange of 
mul).ite; (A) Klug, Prochazka and Doremus, 17 (B) Aramaki and 
Roy, 2~ (C) Aksay and Pask26 (fig. from ref. 3 O) . 
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has been controversy in the literatu
re over the nature of the 
diag·ram 1n the vicinity of the 
mul 1 i te phase. There are 
contradictory results 
17
•
25
-
28 regarding the extent and form of 
mullite solid solt1bility, and wheth
er it melts congruently or 
incongruently (fig.3). For .instance, singl
e crystals of 2:1 
mullite (2Al 203 .Si02 ) containing ·77. J wt.% Al 2
03 have been grown 
from the melt. 29 These discrepancie
s have been addressed to 
some exte~t by Pask through re~ogni
.tion of metastable mullite 
phases 26 (fig.Jc) and the importance
 .of molecular 
homogeneity. 30 •31 Nevertheless, th
e. exact nature of this 
extremely important phase diagram
, 1 ike the structure of 
mullite itself, continues to be de
bated. 
For the purposes of the research co
nducted here the 
single phase field for mullite wi
ll be assumed to span the 
composition range from 71.8 wt.% (ie. ~Al 2o3
.2Si02 ) to 75 wt.% 
Al 2o1 • From the avail~ble p
hase diagrams~~ may also conclude, 
that at higher Al 20 3 concentrations,
 stable two phase mixtures 
of alumina and mullite exist from ro
om temperature to at 1east 
-1830°C. 
2.3 The Fabrication of Mullite 
A recent 
. 
review of the 
• 
various mullite powder 
prepatation routes, such as teact
ion sintering and sol gel 
methods, has been presented by Sack
s et al. 32 
7 
The importance of extremely fine scale homogeneity 
when synthesizing pure mullite was illustrated 
. 
1n an 
experiment by Pask and coworkers. 
20 Two starting powders of the 
sam~ 3:2 mullite composition (ie. 71.8 wt.% Al 203 - 28.2 wt.% 
Si02), but prepared by different sol gel
 techniques, were 
fired together ~t 1700°C with completely differ~nt results. 
The powder considered to be more homogeneously mixed sintered 
to a single phase, equ iaxed mull i te structure, while the 
second powder developed a two phase microstructure of 
elongated mull_ite grains and silicious glass. It was concluded 
that, in the latter case, inhomogeneity at the atomic level 
enabled a-alumi.na rich mullite to evolve (ie. highly 
disordered mullite containing metastable a-alumina nuclei) 
leaving a silica rich 1 iquid phase .at the boundaries. It 
appears to be very difficult to achieve single phase mullite 
unless processing methods are used that ensure extremely fine 
scale mi_xing. 
It is also very difficul~ to densify single phase 
mullite without highly surface active powders due to the high 
activation energy of chemica1 interdiffusivity of Al
3
+ and 
si4+. 3o, 33 , 34 The presence of a liquid phase certainly enhances 
densification, but 
. 
lS deleterious to many physical 
properties. 9, 14,35,36 
8 
2.4 Single Phase Properties 
The following data on the strength and tou
ghness of 
a-alumina and mullite ar~ only presented t
o give the reader a 
rough estimate of their mag~itude. They a
re highly dependent 
on the spectfic microstructute and details 
of the· test method. 
For mullite room temperature bend strength
s of -2·50 M~a35 , 36 to 
400 Mpa6 have been reported. Fully dense
,. fine grained a-
aluminas exhibit room temperature flexura
l strengths pf -600· 
Mpa. Fracture toughness values of -2. 5 M
pa. m- 112 are typically 
quoted for fine grained mullite test
ed under ambient 
conditions. 8 S.l ightly higher values of 
-4. 5 Mpa. m- 112 are 
generally accepted for fine g.rain alumina
. 16 
With respect to elastic properties, Youn
g's moduli 
of -400 GPa and -150 Gpa have be
en published for 
polycrystal 1 ine alumina 
16 and mul 1 i te 15 respectively. A 
Poisson's ratio of 0~26 will be assumed f
or both phases. At 
room temperature, polycrystalline a-alumir
ia has been shown to 
be the harder phase, 
12 with a Vicker' s Hardness of .18 Gpa 
compared with 15 Gpa for single crystal m
ullite. 37 
The coefficients of thermal 
. 
expansion (a) of 
corundum over the temperature range 20° 
to 1020°c for eacn 
unique crystallographic direction were de
termined by Bayer38 
to be a 8 =8. 6xl0-
6 0 e-·1 and ac=9. 6xl0-6 °C- 1 • Over a similar 
9 
.. 
temperature range, Schneider and
 Eberhard39 found values of 
Q'.a=4. lxl0- 6 0 c- 1 , Q'.b=.5. 6x10-
6 0 c- 1 ' and Q'.c=6. lxl0-
6 0 c- 1 for single 
phase mullite with a high alumi
na content. The CTE for the 
polycrystalline form of a-alum
ina, and of rnullite, are 
therefore about 9xl0-
6 0 c- 1 and 5xl0- 6 0 c-
1 respectively. 
Aramaki and Roy
25 determined the theoretical densit
y 
of mulli te to be 3. 16 g/cm
1
, and Jan et al. 
40 calculated a 
value of 3.986 g/cm
3 for alumina. 
2.5 Alumina-Mullite Composites 
Surprisingly few studies have 
investigated the 
sintering or mechanical behavio
r of high purity ·alumina-
mullite composites. Most of
 the work conducted has 
concentrated on the synthesis and
 properties of "single· phase" 
mullite spanning th~ composition
al rangJ of 68 to 80 wt.% Al 20 3 
in sio2 • This only slight
ly overlaps the alumina-mullit
e 
binary phase field, ie. up to 1
6.5 vol.% Al 20 3 in mullite, 
assuming a maximum solid solub
ility of 75 wt.% alumina in 
mullite. These studies
8
,
27
,_
41
,
42 indicate a distinct decline in 
densification rate at alumina con
centrations above this solid 
solubility limit due to the elim
ination of any liquid phase. 
Two other papers
19
,
43 document inves"tigation of compo
sitions 
extending up to 35 vol.% Al 2o3 in m
tillite. They report moderate 
improvement in room temperature
 strength, hardness, ~lastic 
10 
modulus, and f-ractu·re toughness with increasing alumina 
content. 
At the other end of the compositional spectrum, 
Marple and Green44 -47 have incorporated up to JO vol.% mul 1 i te 
as a surface concentrated pha.se in alumina by. a sol gel 
infiltration technique. In this work, the difference in CTE 
betwe~n the two phases has been harnessed to induce surface 
compressive stresses and thus improve the mechanical response 
of the alumina. Similar quantities of mullite hav~ been added 
uniformly to alumina to successfully obtain a composite of 
lower CTE and dielectric constant for electronic packaging 
applications. 48 
Thus, high purity alumina-mullite alloys have been 
subject to only limited investigation, and compositions in the 
mid-range remain completely unexplored. 
2.6 Other Mullite Composites 
There has been a great deal more research conducted 
on other mullite composite systems such as, mullite-
z irconia27, 49 -53 and mul 1 i te-sil icon carbide
54
-
58 for improved 
fracture toughness, mull i te-cordieri te
59
•
60 for e1ectronic 
purpose.s, and mullite-aluminum titanate
61 for enhanced thermal 
shock characteristics. 
11 
2.7 Internal Residual Stress 
In cubic, polycrystalline single phase materi
als 
regions of localized stress ari_se wheri an exte
rnal load is 
applied due to elastic anisotropy. Mismatch in
 the elastic 
~od~li of randomly oriented grains produces
 regions of 
undulating compression and tension at grain bou
ndaries. 
For non-cubic materials, an additional so_u
rce of 
localized stress 
. is a consequence of thermal 
. 
expansion 
anisotropy. On cooling after sintering· therm
al 
. 
expansion 
mismatch between adjacent grains l_eads to locked-in local 
stresses. These residual stresses are gener
ally more 
significant than those derived from elastic mism
atch stresses, 
a~d can, under certain· circumstances, cause
 spontaneous 
microcracking (see section 2.9). 
Two phase materials offer even greater potentia
l to 
build-in localized residual stress fields in 
a controlled 
manner. In this case, the stresses result from 
differences in 
the thermal expansion coefficients of the tw
o phases62 ( in 
add·ition to any anisotropic behavior of th
e individual 
phases}, or from volume changes associ.ated with pha
se 
transformation on cooling of one or both ph~ses. 
The magnitude 
of these stresses has been calculated for a 
second phase 
spherical part.icJ e o.f radius, R, embedded in
 an infinite 
isotropic matrix. 63
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The radial, and tangential, 
a t m , stresses in the 
matrix at a _point distance r from the
 center of the sphere is 
given by 
-and 
. . . 
. . . 
( 1) 
( 2 ') 
where the spherical particle is su
bject to a hydrostatic 
pressure#, P, given by 
( 3 ) 
where ~a is the difference in therma
l expansion coefficients 
J 
(am-ap), ~Tis the cooling range over which the
 matrix/particle 
plastic deformation (creep) is negligible, and
 vm sand E~s are 
I I 
the Poisson's rati.o and elastic mo
duli of the matrix and 
particle respectively. 
2.8 Crack Interaction 
Crack propagation within such a resid
ually stressed 
system will depend on whether the e
mbedded inclusion 
. . 
lS ln 
hydrostatic compression or tension.~ 
Fig. 4 illustrates these 
two possibilities. A second phase wit
h a greater thermal 
# Positive pressures are defined 
as compressive and 
positive stresses as tensile. 
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crack 
(a) 
(b) 
-P 
....... 
+p 
t 
+a,, 
r 
+an 
Matrix 
.... ... 
r 
-(}_ 
m 
Matrix 
Fig. 4 < Stress distribution and crack interaction with 
spherical particles when (a) ap>am; the particle is in 
hydrostatic tension, and the matrix is under tangential 
compression-and radial tension which promotes circumferential 
cracking, (b) ap<am; the par·ticle is in hydrostatic 
compression, and the matrix is under tangential tension and 
radial compression which promotes radial cracking. 
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. 
expansion coefficient than the matrix will 
experience hydrostatic tension. It induces a tangential 
. 
compressive stress 
. in the . primary phase near the 
particle/matrix interface and tends to divert the crack around 
the particle. This type of behavior is promoted by high local 
stresses (ie. large differences in the CTE and elastic 
modulus) and weak interfacial toughness. 
Alternatively, when the sphere is under hydrostatic 
compression a tensile tangential stress is produced causing 
the crack to deviate towards the particle. 
2.9 Spontaneous Microcracking 
It . 15 instructive to consider the case of self 
induced matrix cracking from a spherical particle with a CTE 
less than that of the surrounding matrix. This situation is 
analogous to spontaneous microcracking in single phase 
ceramics due to thermal expansion anisotropy. Noncubic 
materials appear to exhibit a critical grain ~ize above which 
m"icrocracks develqp on cooling from the 
. processing 
temperature. 65 -67 Such generalized 
. grain boundary cracking 
destroys the mechanical integrity of the material (fig.5). 
It is not immediately clear why grain or particle 
size might play a role in controlling the onset of unstable 
MICROCRACK 
+ 
CRACK ARREST ON 
RESIDUALLY 
COMPRESSED FACET 
~ 
Fig. 5 Schematic diag_ram of a microcrack farmed sfonta-n.~ously· 
on cooling due to thermal expansion anisotropy. 6 
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' 
microfracture since the stress level at the interface 
. 
15 
independent of particle radius, being related only to the 
magnitude of mismatch strain (~a~T) ahd the associated elastic 
constants. The importance of particle size can be understood 
by the following fracture mechanics approach, in which the 
methanical energy release rate, G, is used to characterize the 
crack driving force. 
Consider ag~_in the constrained spherical particle 
where a tangential tensile stres·s lS induced 
. 1n the 
surrounding matrix due to th~rmal expansion mismatch (~a>O). 
The decay of th is stress, amt, with distance f ram the particle,. 
r, 1 s defined .by e q . ( 2 ) and varies as The 
corresponding change in G with cr~ck length, c,. is shown in 
f_ig. 6. This hypothetical crack is oriented in the radial 
direction with its plane perpendicular to amt· At very small 
crack lengths ( c<<R) the crack behaves as if it were iri a 
uniform stress field, that is 
2 G - Ya c/Ern ••• ( 4 ) 
where Y is a constant, and hence, the initial slope of G 
against c is unity. At the other extreme, where the crack tip 
is far from the rapidly changjng portion of the stress field 
(c>>R) the crack behaves as if it were _wedge lo~ded with G 
proportional to c- 3 • Thus, a maximum exists in the G versus c 
17 
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Fig. 6 Schematic diagram showing the e.ff ect of spherical 
particle size on the decay of matrix tangential stress (amt), 
with radial distance from the interface (r), and on mechanical 
energy release rate (G) with radial crack .length (c). 
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curve at a crack length approximately equ~l to the particle 
radius. 
Now consider the case of two differently sized 
part i c 1 es ( o·r gr a i n s ) . Rec a 11 i n g e q s ; ( 1 ) , ( 2 ) , a ·n d ( 3 ) it can 
be seen that the magnitude of residual stress at the particle 
boundary is independent of particle size, ie. at r=R, amr=-P 
However, the rate of change of a t with m 
. 
r lS 
affected by particle size (fig.6). For small partitles this 
component of stress falls away more steeply than for larger 
particles and results 1n a different G(c) function. The 
cond·itions for unstable ciack growth, 
microcracking, are 
and, dG/dc > d~/dc 
spontaneous 
••. ( 5 a) 
... (Sb) 
where ffi is the matrix crack resistance. Assuming an inher~nt 
crack nucleus of length cN at the interface of ·both particles 
the occurrence of spontaneous microcracking can be assessed. 
·Conditions are stable for the smaller particle and no cracking 
resultsw On the other hand, instabilify requirements are just 
satisfied for the larger particle (R2 ) and a mircrocrack 
propagates until stable equilibrium is acquired at cM. Thus, 
R2 defines the critical particle size in this case. 
19 
' 
In real single phase materials the potential 
nucleating flaws, typically triple points, scale with the 
grain si.ze, and so the effect of increasing grain size is 
twofold. However, grain size is not the only controlling 
parameter associated with spontaneous microcracking. The 
nature of the nucleating defects (cN), the ·magnitude of 
residua_l stress (amt), and the local toughness (ffi) atl play an 
important role, and are in turn, affected by numerous other 
factors. 
Despite these limitations 
. 1n defining a 
characteristic· critical particle/grain size, a crude estimate 
has been proposed by Dav idge and Tappin. 
68 In this case a 
spherical particle in hydrostatic tension is considered (~a<O) 
and the total available strain energy is simply equated to the 
energy requ.ired to create a circumferential crack. The 
analysis assumes that crack nucleation 1s not a limiting 
condition and gives 
. . . ( 6) 
where D is a constant equal to 4, and K1c is the fracture 
toughness of the microcrack site. For single phase materials 
... (7) 
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/ 
where ec is the critical grain size. 
More sophisticated anal yses66 •
67
•
69
• 
70 have determined va 1 ues of 
the con~tant D ranging from 1 to 4. 
2.10 R-Curve Behavior 
R-curve behavior 1s characterized by an increase in 
fracture resistance with ·crack extension. At large crack 
dimensions relative to the microstructure, the crack 
resistance acquires a maximum steady state value corresponding 
to a plateau in the R-curve·. 
Non-phase-transforming ceramics have been shown to 
exhibit such rising R-curves. This was first recognized in 
coarse grainetj alumina, 71 ~nd has since been identified in a 
broad range of non-trans f orm.ing, ·sing le phase ceramics
72
-
76 
severa.l glass 
Fundamental exp.er iments .by 
. 
ceramics, 
Knehans 
MqO, 
and Steinbrech77 
demonstrated that the mechanism(s) responsible for rising R-
curve behavior art~ operative in the region immediately behind 
the crack advancing crack tip, ie. in the wake of the crack. 
Increased grain size has been found to produce more pronounced 
resistanc~-curve behavior in many ceramic materialswro,N There 
is, however, no unique R-curve for a specific microstructure 
21 
as its form is also dependent on the test conditions and 
sai:nple geometry. 
Materials with strong R-curves exhibit several 
advantageous properties. The stabilizing influence of a rising 
R-curve promotes flaw tolerant materials, that is, ones in 
which strength is maintained despite 
. increases in initial 
defect size. Such insensitivity of fracture strength tq flaw 
size results in greater reliability, (higher Weibull modulus), 
and improved thermal shock resistance.
80 
2.11 Indentation-Strength ·Test 
Indentation-strength tests have been employed py 
many workers to· confirm the. existence and degree of R-c~rve 
behav io.r in ceramics. 74 •81 -84 The technique makes use of a sharp 
indenter to.provide well defined fracture origins. The size of 
these starter flaws are varied systematical.ly with the applied 
indentation load and measurement is made of the corresponding 
fractur~ strength. 
The test provides a means of assessing a materials 
sensitivity to varying flaw size, ie. flaw tolerance. Ceramics 
with ~ingl~ valued toughnesses display a decline in fracture 
strength, a~, with increasing indentation load, P, according 
to the relation 
22 
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Fig. 7 Schematic plot of indentation-strength test results for 
a material of single valued toughness and the effect of R-
curve. 
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• • • ( 8) 
where A is a constant. 
The derivation of this relationship is 
. given . 1n 
Appendix II. On a logarithmic plot of Ot verses P this 
corresponds to a straight line of slope -1/3. For a material 
which possesses an inherent R-curve the failure stress becomes 
r~lative·ly insensitive to flaw size, the slope tends to level 
out, and a plate~u region develops at shorter crack lengths 
(fig.7). At larger initial flaw dimensions higher fracture 
strengths .are rea 1 i zed in comparison to non-R-curve ·materials. 
Unlike many other fracture toughness tests, the 
indentation-strength method reveals a materials response to 
very short cracks, comparable in size to those created during 
processing, machining, and possibly in-service damage. Thus 
the test is highly relevant tp the current problems facing the 
fabricat{on and design of structural ceramics. 
2.12 Toughening Mechanisms 
Ceramics are intrinsically brittle materials and 
improvements in toughness must be derived from extrinsic 
mechanisms~ When considering crack propagation in such a 
material it is useful to think in terms of a local, near tip 
24 
" 
"dri,ving force" actually experienced at the 
crack tip. This 
maybe characterized in terms of the fra
cture mechanics 
parameter st.ress intensity, K, or more speci
fically Ktip, which 
describes the stress field in the vicinity o
f the crack tip. 
Extrinsic toughening phenomenon can shie_ld the
 crack 
tip .from the nominal or applied stress inten
sity Ka. Th.is can 
be expressed by 
( 9) 
where K5 is the stress intensity due t
o shielding. 
Extrinsic toughening mechanisms 1n ceramics
 maybe 
classified in to several distinct groups;
85 
a) crack deflection and crack branching, 
b) zone shielding by di_lation of regions behind the crack t
ip, 
c) contact shielding by crack bridging and/or sliding b
etween 
rough crack surfaces. 
Multiple mechanisms may be operative at th
e same 
time making it difficult to assess how muc
h an individual 
mechanism contributes to the net shielding e
ffect. 
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Each of these phenomena will now be discussed in 
more detail for both single, and dual phase ceramics. In
 the 
1 at t er case , the fa mi 1 i a r mod el o f spheric a 1 second ph
ase 
particles embedded 1n a primary matrix phase shall again
 be 
considered because of its relevance to the microstructu
res 
developed in this study. The discussion will be confined
 to 
those ceramics which do not exhibit stress induced p
hase 
transformations. 
2.12.1 Crack Deflection 
In crack ~eflection the crack path 1s deviated from 
the surface of maximum tensile stress thereby locally redu
cing 
the mode I crack dr·i v ing force. A non-planar crack ar
ises 
either by interaction with localized stres~ fields 
(as 
discussed previously in section 2. 8), fracture resistant 
second phases, or weakened interfaces. 
A theoretical analysis of this toughening mechanism 
has been conducted by Faber and Evans
1 with experimental 
evidence to support their theory. In its simplest form th
eir 
model consists of a matrix with Uniformly -distributed, sec
ond 
phase spheres, and assumes that the crack deviates arourid
 the 
interface of each nearest neighbor sphere. The twist
ing 
component of crack deflection was found to provide the m
ajor 
reduction in crack driving force (fig.8). The improvement in 
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Fig. 8 Schematic diagrams of typical crack deflection (a) 
tilt, and (b) twist of the crack front (from ref. 1). 
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Fig. 9 Improvement in toughness with volume fraction of 
spherical particles (Vt) predicted by the crack deflection 
model proposed by Faber and Evans. 1 The effect of 
interparticle spacing is also shown. 
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toughness qerived from deflection as a function of vol
ume 
fraction of spherical particles is shown in f·ig; 9. Maximum 
toughening is achieved when the spheres are nearly contac
ting 
such that twist angles approach n/2. It is interesting to 
note 
that thi~ model preditts greater toughening when ·the sph
eres 
are not uniformly spaced. High aspect ratio inclusions, ra
ther 
than spheres, were found mdst effective at 
. . 1mprov1ng 
toughness. Unfortunately, this analysis does not consider
 the 
stress fields associafed with the second phase particles.
 
While increases in steady state toughness of up to 
three times have been attributed to this mechanism in cer
tain 
two phases system~;, 86 it must be understood that deflection
 is 
a non~cumulative process, and therefore does not contrib
ute 
directly to rising R-curve behavior. However, crack deflec
tion 
may indirectly promote an R-curve response via the mechan
isms 
of crack branching -or grain localized bridging. 
2.12.2 Microcrack Toughening 
The· formation of discrete microcracks in front of an 
advancing primary crack can result in improved toughness
. A 
permanent dilatation accompanies the microcracking and, a
s a 
process zone wake devel·ops, the near crack tip 
. 
opening 
displacement 
. 
15 reduced. Such crack tip s~ielding 
. 
1S 
invariably characte·rized by an R-curve
87
,
88 (fig. lOa). 
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Fig. 10 Schematic diagrams of microcrack tough~ning (from ref. 
69). (a) R-curve development, and (b) the proposed effect of 
grain size on peak toughness. 
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Microcrack toughening differs from spontaneous 
microcracking, in that, microcracks develop locally in the 
stress field ahead of the crack tip as a consequence of the 
applied load and not generally throughout the structure. 
Al though, thermal expansion mismatch stresses are superimposed 
on the applied str~sses, and therefore increase the propensity 
for microcrack toughening. 
Microcracking in the frontal process zone also gives 
rise to a local reduction in elastic mo~ulus and consequently 
a local reduction in stress intens·ity. However, any toughening 
derived from this process is predicted to be largel_y offset by 
a concomitant degradation of the mat~rial ahead of the crack 
tip. 89 Hence, the toughening contribution from the frontal zone 
is negligible in comparison to that from the dilatational 
effect Df the process zone wake. 
Modelling of the toughening a:ssociated with the 
latter in single phase systems has been undertaken by Evans 
and Faber. 89 They employed the same method of energy balance 
intergrals as was applied to the analysis of transformation 
toughening in z irconias. 9
0
•.
91 The maximum toughness possible 
from a fu.lly developed wake was calculated as 
·• .. (10) 
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where Kem is the toughness of the microcra
cked material in the 
process zone ahead of the crack, Eis the
 Young's modulus of 
the uncracked material, f 5 ls the area 
fraction (or site 
density) of material that microcracks at saturat.ion
, e is the 
microcrack induced. d_ilatation, and h is
 the width of the 
microcrack zone. In two phase materia
ls, f 5 is directly 
related to the volume fraction of the sec
ond phase, and the 
magnitude of 8 relates to the thermal expa
nsion strain due to 
thermal expansion mismatch. 
The effect of grain size has been postulat
ed92 (fig.lQb). 
A minimum grain size, e*, is r~quired to s
upport a microcrack 
process zone and peak toughness coincide
s with the critical 
grain size for microcracking, ec. It is im
portant to note that 
pre-existent microcracks (e>ec) only serve to degrade
 material 
toughness by the process of coales-cence
. While the theory88 
predicts the observed relationship betw
een grain size and 
fracture toughness there appears to be l
ittle experimental 
evidence to support the existence of stress
 induced microcrack 
clouds in monophased ceramics.
93 This is not the case for dual 
phase mater ia·1s. 
Evans and Faber94 applied a similar micr
ocracking 
model to two phase 
. 
ceramics containing ellipsoidal second 
phase particles with ap>am. The theor
y assumed that if 
sufficient local stress was generated abo
ut a particle, 
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Fig. 11 Theoretical predictidns2 of the 
from circumferential microcracking 
spherical particles in the stress field 
is the volume fraction of particles. 
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relative contribution 
about second phase 
of a primary crack. Vt 
.. 
citcumferential cracking, and hence
 dilatation, would result 
and contribute to the toughness.
 To achieve appreciable 
toughening, the theory predicted t
hat the particle size, R, 
must be narrowly distributed and 
relatively close to ·the 
critical value for spontaneous m
icrocracking, Re (fig.11). 
This critical particle size was de
termined by those factors 
considered previously, ie .- thermal e
xpansion mismatch, elastic 
modulii, and particle/matrix interf
acial toughness. Increases 
in toughness occurred for .particl
e volume fractions up to 
-3 0%. The theory also found tough
ening was independent of 
particle shape. 
2.12.3 Crack Bridging 
Shielding, or reduction, of the
 loca_l stress 
experienced at a crack tip can 
a.lso take place by the 
existence of load bearing ligaments
 d~veloped in the wake of 
the crack front. This is exploite
d in whisker95 and fiber-
reinforced96 ceramic composites. In t
hese materials, the matrix 
fails, 1eaving unbroken fibers wh
ich exert closure forces 
across the crack walls thereby restr
aining the crack opening. 
As the crack propagates an incre
asing number of bridging 
tractions betorne available to shed
 the load, resul~ing in a 
rising R-curve. Peak toughnesses ar
e realized when the fiber-
matri~ debotd ~trength and sliding r
esistance are optimized to 
encourage fiber pullout processes.
97 
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Of more relevance to this study was the recogniti
on 
that microstructural features, such as grains, a
nd clusters of 
grains, can act as bridging ligaments.
3
•
71
-
74
•
77
•
78
•·
82
•
84
•
98
_,o, In-situ 
observations during crack extension 
have identified 
interlocki·ng grains which re~train the crack ope
ning and maybe 
active up to several mm (-100 grain dimensions) behind th
e 
advancing tip. 3•84 • , 02 Such grain loca 1 i zed bridgin
g prov ides an 
alternativ.e explanation for R-curve behavior 
displayed by 
single and mu·lti-phase ceramic~. 
Early theoretical modelling by Mai and Lawn
98 assumed 
an empirical function to describe the shielding
 contribution 
from grain localized bridging along the length 
of the crack 
and found good correlation with experimental dat
a. 82 Recentlyr 
this funct-ion has been described in terms of
 fundamental 
microstructural variables 
79
•
83 
I and, if val id, provides a 
valuable insight into the relative importan
ce of these 
variables. Thus, it is useful to consider the b
asis for this 
model in some detail. 
An idealized microstructure is assumed wh
ich 
consists of a regular array of uniaxially orie
nted bridging 
el~ments arranged perpendicular to the crack pla
ne (fig.12a). 
Bridging grains are envisaged as square-based,
 rectangular 
prisms of side length 1 e, and long dimension, 
L, spaced at 
regular intervals, d. Cracking is presumed 
to progress 
35 
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( a) 
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Fig. 12 Idealized bridge geometry used to model toughening by 
grain localized bridging. 83 (a) Proj_ection normal to crack 
.plane.where the shaded areas denote ~ridging grains. (b) Side 
view of an individual bridge de-fining many of the parameters 
used in the model. 
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intergranularly, and the energy consumed in debonding of
 the 
bridge/m~trix interface is predicted to be negligible.
83 
Internal residual stresses, aR, (derived from local 
thermal expansion mismatch) play a key role in supporting the 
bridging ligaments. Each potential bridge site is assume
d to 
be in hydrostatic compression (and the region between in 
hydrostatic tension). This then provides a lateral "clamping" 
stress transverse ·to the crack plane which induce frictio
nal 
forces that oppose bridge pullout perp~dicular to that pl
ane. 
Hence, crack tip shielding 1s derived from frittio
nal 
tractions created by internal residual stresses. 
The bridging closure stress, P, derived from this 
model (see Appendix I) can be expressed as a function of the 
(half) crack opening displacement, u, 
. . . ( 11) 
where uL relates to the crack opening displacement at w
hich 
the bridges can no longer span the crack wall and diseng
age 
(fig.12b), and Pm is the maximum pullout stress given by 
. . . ( 12) 
where, aL, ad are scale invariant parameters (Appendix I) 
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defined by 
QL - L/e . . . (13a) 
ad - d/e • • • (13b) 
EL - 2UL/L . . . (13c) 
Thus Pn, is also independent of rnicrostructural 
scale. 
·The form of eq. 11 1s graph ical.ly represented in 
fig. 13. The crack res_istance corresponding to a fully 
developed bridging zone is diiectly proportional to total area 
under the .P(u.) curve. 79 · 83 Thus, the model provides a link 
between microstructure and maximum bridging toughness.*aa 
Increases 1n residual stress, within a 
microstructure are expected to improve crack resistance by 
augmenting the c1c~mping stresses about bridging 1 igaments and 
thus increasing the value of Pni (fig.13, case II). Similarly, 
the model anticipates improveme}1t in K1c with increased 
coefficient of sliding frictton, µ. Thus, a more pronounced R~ 
curve ·would be predicted with increases in ~ither variable. 
The empirical relationship between grain size and 
~~* It is in fact, ~ossible to deconvolute the entire R-
curve from the model, however, this is not necessary in order 
to understand its general predictions. 
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Fig. 13 Theoretical bridge pullout stress (P) plotted against 
grain pullout distance (2u) . 79 The integrated area under P(u) 
relates to the maximum bridging toughness. Several cases are 
considered (see text); I reference state, II doubling aR- or 
µ, III doubling grain size, ie. e ann L together, IV doubling 
grain aspe~t ratio, ie. only L, note. 
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toughness can also be explained by this model. Scaling up 
microstructure changes the parameter uL, effectively enlarging 
the crack opening displacement, and crack length, over which 
the bridges remain active. This translates to greater 
i_ntegrated area under P(u), a more developed R-curve, and a 
higher saturated toughness ( case I I I) . It is a 1 so interestirig_ 
to note the consequence of doubling the. grain elongation, L. 
~oth aL and uL are doubled, resulting in a four fold increase 
in the area under P (u) (case IV) and therefore a four fold 
increase 1n crack resistance. 
It is these predicted improvements in fl~w tolerance 
with residual stress and microstructural scale that have 
prompted this study. 
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3 EXPERIMENTAL 
3.1 Powder Preparation 
3.1.1 Two Phase Mixtures 
Two phase mixtures of alumina and mullite were 
prepared from high purity a-Al 2o/ and 2Si02 ~ 3Al 2o3• starting 
powders. 1 Nbminal compositions of O, 28, 56, 84 and 100 vo
l.% 
mu.11 i te were investigated. These were designated A, A
M28, 
AM56, AM84 and M r~spectively. The corresponding wei
ght 
fractions for each powder batch were based on the start
ing 
mullite composition+ (71.5 wt.% Al 203), and a maximum solid 
solubility of a-alumina in mullite of 75 wt.%. Densities
 of 
3.986 g/cm3 for alumina, and 3.16 g/cm
3 for mullite, were used 
in the calculation. 
Intimate m1x1ng was achieved by wet ball milling of 
the ·powder mixtures dispersed in high purity methanol a
t a 
so.1 ids content of 4 O wt.%. The mixing was carried out
 in 
polyethylene jars, with zirconia media, at a speed of 150 rp~ 
* Sumitomo AKP-HP grade (>99.995% Al203, 0.5 µm crystallites), 
Sumitomo Chemical America Inc., 345 Park Ave, New York, 
NY 
10154, USA. 
+ Kyoritsu Mullite KM102 103 , 104
 (71.5 wt.% Al 203-28·.5 wt.% Si02 , 
<O. 08 wt.% impurities, o .1--0. 2 µm crystallites), Kyoritsu 
Ceramic Materials Co., Ltd., Tsukisan-cho 2-41, Min~to
-ku, 
Nagoya 455-91, Japan. 
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for 24 hrs. 
The slurry was then poured into a teflon beaker and 
the methanol evaporated by action of a hot plate and an o
ve·r-
head infrared lamp. The resulti·ng dried powder cake was pl
aced 
in a polyethylene bag and crushed with a rolling pin
 to 
produce a free fl0wing powder. 
To prevent external contamination all processing was 
performed 1n a class A-100 laminar flow hood under clean 
room 
conditions. Teflon and polyethylene labware were subject to a 
careful cleaning process. Firstly, any gre~se or oi
l was 
removed from the plastic surfaces by sequent.i~lly washi
ng 
with each of the following organic solvents
; 
trichloroethylene, acetone, and ethanol, and then rin
sing 
·several times with deionized water. Next, metal 1 ic impur
ities 
were dissolved by soaking the labware 
. . 
. 
1n aqua reg1a (Hcl-
25vol.%HN03 ) for one hour, followed by repetitive rins
i~g with 
deionized water. Finally, a one hour soak 1n an aqu
eous 
solution of hydrofluoric acid (4 molar), followed by thorough 
rinsing again with deionized water, ensured removal of
 an~ 
silic·ious contaminates. 
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3.1.2 ·Incorporation of Agglomerates 
In a separate experiment, 30 vol.% single ph
ase 
alumina or mullite agglomerates were deliberatel
y added to a 
matrix of alumina-56 vol.% mullite (designated AM56+30A a
nd 
AM56+30M resp~ctively). These agglomerates were spray dried
, 
spherical aggregates pf the same powder composition as that 
used to prepare the above composites. The size r
ange of these 
spheres was c9ntrolled by a dry sieving step. 
Spray dried 
granules of 38 µm (400 mesh) to 74 µ.m (200 mesh) we
re 
collected for this study. 
Batches of AM56 were prepa_red as described befor
e, 
and the granules introduced after the ball mill
ing stage to 
ensure they .remained intact. A magnetic stirrer
 pr·ovided the 
necessary mixing action to uniformly distribute 
the granules 
during methanol evap0ration. The powder was the
n crushed as 
described earlier. 
3.2 Specimen Fabrication 
Convent iona.l ceramic processing methods were used
 to 
produce 
. 
specimens for mechanical and microstructur
al 
evaluation. Disks 25 mm in diameter, and approx
imately 4 mm 
thick_, were formed by uniaxial pressing in a cyli
ndrical, high 
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purity graphite* die2 assembly at a pressure of 20 Mpa. The 
disks were subsequently wet-bag isostatically pressed at 350 
Mpa, for one minute, to eliminate any gross powder packing 
defects. This resulted in green densities of approximately 
55%. 
Isopressed -~ disks were packed 
. 1n loose powder of 
identical composition in high purity alumina crucibles for 
heat treatment. CalcinatioD was carried out in an el.ectrical 
resistance furnace at a slow burn out rate of 50°C/hr, 
followed by a four hour soak at 1000°c I and cooling at 
200°C/hr. Sintering was performed in air, 
. 1n a box furnace 
with Mos i 2 heating elements, at 16 50°C with heating a-nd cooling 
rates of 240°C/hr. A preliminary grain growth study at this 
temperature enabled selection of sintering times for each 
composition so as to obtain very ~imilar grain sizes in each 
mater i a 1 . AM 2 8 , AM 5" 6 , and AM 8 4 compositions were fired for 2 5 
hours, while. the pure mullite was fired for 10 hours. In the 
case of the samples with added agglomerates a ·tiring time of 
25 hours was also used so that the matrix grain size was 
identical to AM56. Single phase a-alumina of comparable grain 
* Graphite was used to mi_nimize contamination of the pellets. 
Such. contamination is commonly observed on the surface of 
pellet$ pressed in steel dies due to iron pick up from the die 
walls. 
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size was produced with a special grade of highly sinterable
3 
alumina powder# fired at 1400°C, for 2 hours. 
In order to investigate the effect of grain size a 
separate set of AM56 specimens was heat treated at 1825°C for 
44 hours to produce a coarser grained material (designated 
AM56c). This was perform~d in a graphite electrical resistance 
furnace (Astra, Thermal Techno.logy, Inc.) in flowing nitrogen 
(1.0 ft 3/hr). 
A grain growth study was also p~rformed at this 
temp~rature, under the same conditions, on pellets of pure 
alumina, AM56 and mullite. 
3·.3 Microstructural Characterization 
3.3.1 Surface Preparation and Microscopy 
Samples from each composition set were prepared for 
microstructural observation using an automatic polisher (Leco 
VP-1.50 VARI/POL). Specimens were first ground s~quentially on 
220, 400 and 600 grit diamond abrasive wheels, rotating at 150 
rpm, with flowing water acting as a coolant. Four polishing 
# Sumitomo AKP-53 grade (>99.995 wt.% Al 20 3 , 0.2 µ.m 
crystallites), Sumitomo Chemical America Inc., Ltd., 345 Park 
Avenue, New York, NY 10·154, USA. 
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steps followed. These were performed using 45, 1
5, 6 and then 
1. µm diamond paste on silk cloths supported by gl
ass plate, at 
200 rpm, using diamond extender oil as a lubrica
nt. Polished 
specimens were then thermally etched in air at 
1475°c for 30 
minutes to reveal the grain structure. 
Light optical microscopy (LOM)· was employed· to view 
the 
. 
specimens in both the. polished, unetched and
 etched 
states. Polarized lighting conditions gave th
e best phase 
contrast. Observa~ions of the thermally etched s
pecimens were 
also made using scanning electron micro~copy (SEM). Imagi
ng 
was performed at 5 kV (Jeol 840F), with a working distance 
of 
approximately 10 mm., and _10° specimen tilt to e
nhance grain 
boundary contrast. Investigations of fracture 
surfaces and 
crack paths were made under similar conditions.
 All samples 
were mounted with conductive carbon cement and co
ated with Au~ 
Pd to prevent tharging. 
3.3.2 Grain Size Determination 
Average grain size measurements were made on samp
les 
from each heat treatment using the three circle
 intersection 
method. 195 The circle ·method, rather than the c
ommonly used 
linear intercept method, was found more su·itable
 to quantify 
the highly elongated grain morphology of the 
single phase 
mullite sample. At least five fields and ove
r 400 
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intersections were taunted for each sample. The cou
nts were 
either made directly using LOM, or from SEM micr
ographs. 
Average grain size (Ga) was calculated usi.ng the follow
ing 
relation 106 
Ga - 1. 56C/MN ( 14) 
where C is the total circular distance (500mm), Mis the image 
magnification., and N i~ the total number of grain 
boundary 
intersections. The constant 1.56 corrects for 
the two 
dimensional nature of the cross sections used for an
alysis. 
3. 3. 3 Volume Fr act ion and D.ens i ty 
The volume fraction of the phases in each
 
systematic 
composition was assessed optically by 
. 
using a 
manual point count. 107 This method involved counting th
e number 
of tntersections of a particular phase with a regular
 array of 
100 points. Ten fields were counted for each ·compo
sition to 
determine an average volume fraction for that phase. 
Porosity 
was neglected during this analysis. The same techn
ique was 
used to determine the volume fraction of ~gglome
rates .
 
1n 
AM56+30A and AM56+30M. 
Fired densities of each batch were measured by 
Archimedes principle, using water as the- immersion
 medium. 
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Theoretical densities for each composition were calculated by 
a rule of mixtures law based on the volume fraction of each 
phase and the th<~oret ica 1 densities of a 1 umina and mul 1 i te 
quoted in section 3.1.1. 
3.4 Mechanical Testing 
3.4.1 Hardness 
Hardness was measured using a microhardness indenter 
(Leco M-400FT) with a Vicker's diamond pyramid. Five pairs of 
measurements were taken for each composition on samples 
polished as detailed in section 3·. 3 .1. All tests were made 
with a contact load of 1 kg and dwell time of 15 seconds, 
under laborat6ry ambient conditions. The Vicker's hardness 
(Hv) was determined by the formula 
Hv - 2 P s in ( 6 8 ° ) / d 2 . . . ( 15) 
where Pis the lo1d, and dis the indent diagonal. 
3.4.2 Indentation-Strength Testing 
For each powder composition sample sets of 35 disks 
were fabricated as described in section 2.2. Disks were ground 
.flat on one face with a 220 grit diamond wheel. They were then 
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.J 
fixed in groups of seven to a steel plat
en with cyanoacrylate 
adhesive so that the second face could
 be machined using an 
automatic polisher. The polishing 
scheme employed was 
identical to· that described in sectio
n 3. 3. 1. Disks were 
removed from the platen by heating on
 a hot plate for 30 
minutes to thermally degrade the adhesi
ve. 
The thickness and diameter of the disk
s were then 
measured ·using a ~icromete·r and caliper
s. Typical dimensions 
were 2.5 mm thick, by 20 mm in diamete
r. The centers of the 
polished face of most disks were inde
nted with a Vicker's 
ctiamond pyramid at contact loads rangin
g from 0.3 to 30 kg, 
with a dwell time of 15 seconds in air. 
A f~w specimens were 
1e·ft unindented as controls. In some ca
ses, -samples indented 
at the higher, more severe, contact load
s were not polished as 
des er i bed above , but 1 e ft in the as.- f ire
d con di t ion . A drop of 
silicon oil (Corning 704 diffusion pump fluid) w
as placed on 
each· indent to mir1imize the effect of m
oisture assisted, non-
equilibrium, crack growth during testin
g. 
The disks were then tested in biaxial fle
xure 108 with 
the indented face in tension. The inden
tation-streQgth rig is 
schematically represented in fig. 14. 
Load was applied by a 
centrally located, flat, circular pun
ch and a three point 
support circle. The three chrome steel b
alls which constituted 
this support circle enabled accommodat
ion of any warp.age in 
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Sample 
( approx. 2.Sx20 mm di a.) 
(a) 
Support Circle. 
( 15.868 mm dia.) 
Loaded Area 
(4.944 mm dia.) 
(b) 
~ 
App 1 i ed Load 
i 
t 
Fig. 14 Schematic diagram of indentation strength test rig 
showing dimensions, (a) side view, (b) plane view. 
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the specimen surface., whi1e still maintaining a uniform 
biaxial stress field 1n the central region of the disk. The 
test rig was mounted 1n a servo-hydraulic mechanical testing 
.machine ( Instron Model 1350) as pictured in fig. 15. The load-
time response was recorded on a storage oscilloscope. Static 
fatigue effects were minimized by using a c~oss-head speed of 
200 mm/s which ensured samples fractured within 15 
milliseconds. At least four, and more typ_ically five or six 
specimens, were tested at each i_ndentation load for e_ach 
sample set. 
The fracture strengths (at) were calculated from the 
failure loads and specimen dimensions using the following 
thin-plate formul~e 
Of - - 3 P / 4 7f d 2 ( x- Y ) . . . (16) 
and 
X - (l+v) ln(B/C) 2+( (l-v)/2) (B/C) 2 (17a) - . . .. 
y 
- ( l+v) ( l+ln (A/C) 2 ) + ( 1-v )· (A/C) 2 . . . (17b) 
where Pis the failure load, dis the specimen thickness, vis 
Poisson's ratio, A is the support circle radius, B is the 
loading flat radius, and C is the specimen radius. 
·rn order to account for the large_ amount of biaxial 
flexirtg associated with the relatively thin sample dimensions 
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(a) 
(b) 
Fig. 15 Indentation-strength test apparatus; (a) close-up of 
test rig, (b) rig mounted in testing machine·. 
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(a) 
(b) 
Fig. 15 Indentation-strength test apparatus; (a) close-up of 
test rig, (b) rig mounted in testing machine. 
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used in this study a correction to the value of B was applied 
to e qs . ( l 7 ) 109 
B - ( l .. 6 z 2 + t 2 ) 1 12 ~ 0 . 6 7 5 t (18) 
where z i~ now the radius of the loaded area, and t 1s the 
specimen thickness. 
Al 1 disks were examined after testing us 1 ng a stereo 
~icroscope to verify the indentation site as the origin of 
failure. The ~trength data from samples which did nqt fail 
through indentations was included with the data for unindented 
controls. 
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4 RESULTS AND DISCUSSION 
4.1 Unimodal Two Phase Materials 
4.1.1 Microstructural Analysis 
The five compositions studied are pictured in fig. 
16. The alumina-mullite phase boundaries are tlearly defined. 
under polarized ~. ight for these coarsened structures. Both 
phases are homogeneously mi·xed, yielding dense, highly uniform 
microstructures. Measurement of the mullite volume fraction 
from optical image$ such as these showed good correlation with 
the nominal values (Table I). 
I.n the case of "single phase" mullite (fig.16e), 
dark grey, angular pockets, reveal the presence of a glassy 
phase. The existence of a silicious setond phase 
. 
in 
composition-s corresponding to single phase mullite has been 
commonly reported in the literature. This was addressed by 
Pask et a.1 .. 2q· 26 who claim metastable a-alumina nuclei and 
silica rich mullite develop during cooling, and tnat the 
excess silica then becomes segregated at the mullite grain 
boundaries. 
Details of grain morphology were revea1ed by thermal 
etching and are shown in fig. 17. The firing schedule for each 
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U1 
U1 
TABLE I. MICROSTRUCTURAL CHARACTERIZATION OF UNIMODAL ALUMINA-MULLITE COMPOSITES 
Ave. 
Theor. * Rel. Meas. Meas. 
Heat Grain Vol% 
Density Density Density 
Treatment size (µm} Mullite 
+ ( qi cm3 } (g/crn3 } ill 
A 2hrs, 14 0 0°C 2.3±0.2 
0 3.95 3.986 99.2 
AM28 2 Shrs, 16 50°C 2.2:±_0.l 
27.6±4.0 3.73 3.75 99.5 
AM56 25hrs, 16 5 0°C 2 . 2·± 0. 1 
55.6±4.4 3.51 3.52 99.6 
AM84 25hrs, l 6S0°C 2.0±0.1 
84.7±1.8 3.28 3.29 99.5 
M lOhrs, l 650°C 2.0±0.l 
100 3. 11 3.16 98.4 
AM56c 4 4hrs, 18 2 s
0 c 6.8±0.5 55.6±4.4 3.51 
3.52 99.7 
+ Systematic point count on coarse microstructures of the same composition. 
* Based on nominal c9mposition. 
Errors represent one population standard deviation. 
(a) 
(b) 
Fig. 16 Optical micrographs of polished, unetched alumina-
mullite composites (a) A, (b) AM28, (c) AM56, (d) AM84, and 
(e) M, sintered at 1825°C, 44hrs. The light phase is alumina 
and the dark phase mullite. 
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(C) 
( d) 
(e) 
Fig. 16 cont. 
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( a) 
(b) 
Fig. 17 SEM micrographs of polished and thermally etched 
alumina-mullite composites; (a) A, (b) AM28, (c) AM56, (d) 
AM84, and (e) M, sintered at 1650°C for varying times (with 
the exception of A, sintered at 1450°C, 2hrs) to produce 
comparable fine grain size (2µm) in each material. 
58 
( C) 
( d) 
(e) 
Fig. 17 cont. 
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composition was selected so as to achieve a fine grain size of 
approximately 2 µm 1n all five structures (-Table I). This 
enabled comparison of mechanical properties independent of 
grain size effects. Grain shape is essentially equiaxed with 
the except ion o f the " s in g le phase " mu 11 it e ·w h i ch e·xh i bits 
highly elongated and faceted grains (fig. l 7e). This later 
morphology 1s attributed to the silica rich phase which 
undoubtedly promoted liquid phase sintering. Relative 
densities in excess of 98.5% were achieve~ for all five fine 
gr~in struct~res (Table I). 
4.1.2 Grain Growth 
The results of a grain growth study on A, AM56 and 
M compositions at high temperature {1825°C), very close to the 
eutectic temperature, are shown 
. 1n f·ig . 18. All samples 
possessed relative densitie.s 1n excess of 98.5% and so 
represent behavior during final stage sintering. Grain growth 
·in the dual phase m~terial is substantially retarded compared 
with its single phase constituents. For example after 10 hrs 
at 1·s25°C the grain size of AM56 was only 5 µm compared with 
13 µm for muilite and 40 µm for alumina. 
Controlled . grain growth 
. in alumina..,;mullite 
composites with low volume fractions of second phase (<20 
vol.%) has been noted by several other workers .. 7,z7, 45 In these 
60 
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u 70 
Sintering Time (hr) 
Fig. 18 Grain size as a function .of sintering time at 1825°C 
(N2 atmosphere) ·tor AM56 and its single phase components~ 
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Q, 
cases, growth was inhibited by second phase particle pinning 
of grain boundaries. This behavior has also been observed in 
mullite-zirconia composites 27 , and has been more thoroughly 
investigated for alumina-zirconia composites. 110 • 111 Even greater 
grain .growth restraint has been recognized in alumina-zirconia 
materials when higher 
combined. 112 
proportions of each phase are 
The dramatic coarsening resistance exhibited by AM56 
can be at.tributed to several factors. Firstly, at these high 
alumina contents the liquid phase observed in the mullite 
appears to be completely elimihated. Secondly, the very low 
.lattice diffusion rates of Al 3+ and Si 4+ in mullite severely 
1 imi t bulk mass transfer. 30 •34 Consequently, the most 1 ikely 
diffusion path will be along grain boundaries which are 
lengthened by the high volume fraction of second phase. 
Finally, at such high volume fractions both phases constitute 
interlocking, three dimensional networks, and as such, tend to 
physically constrain each other from coarsening. 
4.1.3 Hardness 
Room temperatore Vicker's hardness is plotted as a 
function of volume fraction mullite in fig. 19. ·All 
compositions possessed a grain size of -2 µm and a. r~lative 
density in excess o~ 98.5% A simple .rule of mixtures law 
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Fig. 19 Room temperature Vicker' s hardness versus volume 
fraction mullite in f·ine giain alumiha-mullite (2µm). 
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describes the composite hardness behavior and reflects the 
additive nature of this property. A Vicker's hardness pf 18 
Gpa is typica.l for single phase polycrystal 1 ine alumina 
12
, 
whilst a hardness 12 Gpa for mullite is low in comparison with 
a value of -15 Gpa quoted for single crystal mullite.
37 The 
presence of a ~lassy phase and a slight amount of residual 
porosity 1n the polycrystalline form tested here can account 
for the difference- between the two values. 
4.1.4 In¢i~ntation-Strength Response 
A typical load-:-time result from indentation-strength 
testing is pictured in fig. 20. Load is seen to rise linearly 
with cross-heatl displace~ent until fracture occurs after 10 to 
15 msec. The remainder of the load trace represents 
vibrational damping of the test fixture. 
The indE~ntation-strength response for the composites 
of similar grain siz-e (-2 µm) are presented 1n -fig. 21 an¢! 
summarized in Table I. The boxed data points at the extrem~ 
left hand side of the plot represents the fracture strengths 
of the unindented samples. At this fine grain size all the 
composites exhibited a monotonic decrease in failure stress 
with indentation load. No significant deviatiort from a -1/3 
slope was observed, and hence no R-curve behavior 
. 
lS 
indicated. The single valued toughness corresponding to each 
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Fig. 20 Typical load-time (L) and displacement-time (D) traces 
from indentation-strength testing. 
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Fig. 21 Strength-ihdentation response of alumina-mullite 
composites with fine grain siz6 (2µm). 
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TABLE II. SUMMARY OF INDENTATION-STRENGTH DATA 
Indentation Load, N 
3 5 10 50 100 
200 300 
Fine Grain (2µm) 
AM23 429±:20 3 7 O±J 5 296±17 165±8 
132±8 111±11 
AM56 375±7 322±21 248±13 152±3 
120±4 
AM84 275±3 216±12 1-38±8 
114±6 39+7 
O'\ M 268±10 190±11 
120±7 10.3 ± 5 87±5 
-....J 
Coarse Grain (7µm) 
AM56c 326±11 250±7 185±16 
167±13 144±5 
Added Agglom. 
AM56+30M 219±8 221±10 205±23 156±·6 
134±6 110±5 
AM56+30A 301 281±5 235±8 
203±-5 172±11 
Errors represent one population standard deviation. 
material relates directly to their relat.ive failure stre
ngth 
at a given indentati·on load. 
113 Thus, toughness can be seen to 
increase approximately linearly with alumina content. 
Since 
the alumina phase is known to be intrinsicly tougher, a s
imple 
rule of mixtures theory can again explain this behavior
. The 
same relationship has been observed in fine grained alum
ina-
zircon i a compos.i tes. 11 '-
The fracture surfaces of these fine grain composites 
(fig .. 22) reveal other clues to the fracture behavior. There is 
a transition from predominately intergran.ular cracking i
n the 
case of pure alumina to completely transgranu_lar fractur
e for 
the high mullite compositions. Thus, for mullite the fra
cture 
energy required to pr9pagate a crack through the bulk mat
erial 
(y,,d is low relative to that required for grain boundary 
separation(y 9 ). The reverse situation is apparent for alum
ina. 
The effect of scaling up the grain size has been 
explored. for the AM56 composition. Heat treatment 
and 
microstructural details of the coarsened material (AM56c) are 
summarized in Table I. The indentation-strength respons
e of 
the composite 
. is compared to that of its fine 
. grain 
counterpart in fig. 23. The ·slope of the log at-log P plo
t for 
AM56c has deviated substantially from classic -1/3 beha
vior 
and gives a response much less dependent on indentation 
load. 
Such flaw· tolerance is indicative of rising R-curve beha
vior, 
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(a) 
(b) 
Fig. 22 SEM micrographs of fracture surfaces of 
AM28, (c) AM56, (d) AM84, and (e) M, showing a 
tendency towards transgranular fracture with 
mullite content. 
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(a) A, (b) 
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( C) 
( d) 
(e) 
Fig. 22 cont. 
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Fig. 23 Comparison of AM56 and AM56c composites ·showing 
significaDt flaw tolerance for the coarser grain material. 
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which 
·, 
lS 1n contrast to the constant valued toughness 
exhibited by the fine grain material. This was expected since 
the conditions favoring crack length toughening mechanisms are 
enhanced by grain coarsening. Scaling up the microstructure 
intensifies the residual stress distribution and thereby 
increases the propensity for microcracking, for crack 
deflection and crack branching, and for the creation and 
effectiveness of grain localized bridging. For many single 
phase materials, the latter mechanism is operative and similar 
grain size induced R~curve effects have been observed.
3
,N 
The interaction of cracks formed during indentation-
strength testing with the microstructure of AM56c are shown in 
figs. 24 and 2~S. Whilst some microcracks can be seen adjacent 
to the crack walls the width of the microcrack zone does not 
extend beyond a ·few grain dimensions and so is not considered 
to contribute sig11ificantly to toughening. However, the crack 
path . 1s tortuous (there 1s considerable deflection at the 
level of the grain size) and grains which maybe bridging the 
crack are clearly visible. These gi;ains are predominately 
alumina, the phase anticipated to be. under hydrostatic 
compress ion, a:nd hence circum.ferent ial cracking is to be 
expected. Thu~, grain localized bridging is considered to be 
the dominant toughening mechanism in. this case. 
It is interesting to compare the indentation-
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Fig. 24 Post fracture, optical mi
crograph of a crack developed durin
g indentation-strength 
testing of AM56c. Notice how the 
crack path tends to deviate aroun
d the alumina grains 
(lighter phase). Potential crack bridging 
sights (B) are evident, and occasional micr
ocracks 
(m) can be seen but are not found further t
han a few grain dimensions from the
 primary crack. 
Fig. 25 SEM micrograph of crack deviation, and a likely bridge 
site, in AM56c. 
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strength response of AM56c to that of single pha
se alumina of 
the same grain size (fig.26). Even greater flaw tolerance
 1s 
observed for the alumina-mullite composite des
pite identical 
microstructural scale and the lower intrinsic to
ughness of the 
mullite phase in comparison to alumina. 
The reason for this behavior is thought to be lin
ked 
to the much greater residual strain (6a6T) that exists 1n
 the 
AM56c material. Given that both, single phase
 alumina and 
AM56c, are toughened by grain localized 
bridging the 
corresponding model proposed by Lawn et a
l. 79 , 83 , 98 would 
anticipate this difference. The theory predic
ts that -higher 
localized residual stresses provide higher cl
amping forces 
around b rid gin q g ra i n s , ma k i n g them more d i f f i cu
 1 t to p u 11 out , 
and thus increases shielding at the crack tip. W
hether this is 
the case is not entirely clear, since the ro
le of residual 
stresses may be a much simpler one. They 
may only be 
responsible for the formatidn of bridges in the
 first place, 
and res.istance to bridge pull-out might primari
ly be provided 
by mechanical interlock (fig.27). ·Any real bridging grain
 is 
likely to have undercuts and surface asperiti
es which will 
re·stra·in pull-out. Because of the two-dimensio
nal nature of 
microstructural cross-sections of crack paths, 
the details of 
such mechanical interlocks will not always be v
isible. 
Regardless of the bridging details, the greater 
flaw 
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Fig. 26 Comparison of AM56c and single phase alumina of the 
same grain size. 
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Fig. 27 Schematic diagram of mechanical_ly interlocking grains. 
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toleran~e observed fqr the composite structure 
compared with 
alumina of the sa~e grain size is attributed to 
greater local 
residual stresses which promote a more tortuo
us, and hence 
·more· highly bridged, crack path. 
4.2 Two Phase Materials with Added Agglomerates
 
4.2.1 Microstructural Analysis 
The microstruc.tures of AM56+30A and AM56+30M 
are 
shown 1n fig. 28, and the corresponding m
icrostructural 
characterization for both 1s summarized 1n T
able III. The 
sp~erical morphology of the start·ing spray dried
 granules has 
been retained and the particles appear randomly
 distributed. 
The matrix/particle interfa~es are fully densif
ied. Some core 
porosity is evident in the center of some agglom
erates due to 
the hollow nature of the original sp~ay d
ried spheres, 
nevertheless, the bulk relative density of the 
composites is 
abo~e 98.8% These microstructures very cl.osely 
resemble the 
idealized structures used for modelling two pha
se materials. 
·The matrix microstructure is identical to that
 of 
the unimodal fine grain AM56 material. A coarser
 grain size is 
found with.in the monophase spheres sinbe no seco
nd phases. are 
present to constrain grain growth. 
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(a) 
(b) 
Fig. 28 Optical micrographs of polished and etched 
(a)AM56+30A, and (b)AM56+30M. The lighter phase is alumina and 
the darker phase mullite. 
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TABLE III. MICROSTRUCTURAL CHARACTERIZATION OF 
ALUMINA-MULLITE WITH SPHERICAL AGGLOMERATES 
AM56+30A 
Firing Schedule 25hr, 165Q°C 
Matrix Ave. Grain Size (µrn) 2.2±0~1 
Meas. Vol.% Mullite 1n Matrix 55.6±4.4 
Meas. Vol.% Agglom. 29.6±2.1 
Max. Agglom. Diameter (µm) 60 
Agglom. Ave. Grain Size+ (µm) 12 
Cale. Total Vol.% Mullite* 39.2 
Meas. De·nsi ty (g/em3 ) 3. 63 
Cale. Theor. Density* (g/crn3 ) 
Rel. Density (%) 
+ Estimated 
* Based on nominal composition 
3.66 
99.2 
AM56+30M 
25hr, 1650°C 
2.2±0.1 
55.6±4.4 
32.2±2.1 
60 
10 
69.2 
3.37 
3.41 
98.8 
Errors represent one population standard deviation. 
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4.2.2 Indentation-Strength Response 
The indentation-strength response of both bimodal 
composites are contrasted with that of the matrix material 
(fine grain, unimodal AM56) 1n fig. 29. R-curve behavior is 
apparent for both AM56+ 3 OA and AM56+ 3 OM, al though it 
. 
15 
sign if icantl.y more pronounced 1n the composite containing 
single phase alumina spheres. Flaw tolerance is superior to 
the matrix alone in both .cases. 
Cracks would be expected to interact differently 
with. the two b imoda 1 composites. 64165 For .AMS 6+ 3 OA the a 1 umina 
spheres have a higher CTE than the surround1.ng matr.ix and 
hence will be in hydrostatic tension, while the matrix will 
experience tangential compression and radial tension. Thess 
stresses tend to divert the crack ~ircumferentially around 
spher ica 1 al urnina particles as pictured 1n fig. 3 O. For 
AM56+30M the opposite stress state exists. The matrix 
experiences a. tensile hoop stress adj a cent to the mull i te 
spheres, and .hence, cracks tend to be diverted towards, and 
oft.en through , the part i c i es ( fig . 3 1 ) . The superior f 1 aw 
tolerance of AM56+30A compared to AM56+30M might be expected 
since the stess state in the matrix is intrinsically more 
stable. Any microcracking is likely to be circumferential an~ 
hence confined to the vicinity immediately adjacent to the 
particle. For AM56+30M cracking occurs radially from particle 
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Fig. 29 Indentation-strength response of composite materials 
with single phase sphericai agglomerates compared with that of 
the matrix alone. Superior fl~w tolerance is exhibited by the 
bimodal materials. 
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(X) 
w 
Fig. 30 Post fracture, 
optical micrograph of a 
crack developed during i
ndentation of 
AM56+30A. Note how the cra
ck path tends to deviate 
around the alumina spheric
al particles. 
Fig. 31 Post fracture, optical micrograph of a crack d
eveloped during indentation-strength 
testing of AM56+30M. Note how the crack path tends t
o deviate towards and then bisect the 
mullite spherical particles. 
to particle. 
The ma•Jn i tude of these therma 1 expans 10n mismatch 
stresses have been calculated using the equations propose
d by 
Selsing63 (eqs. (1), (2) and (3)). Estimations of the critical 
sphere size at which self induced microcracking might occu
r in 
s·tructures such as these have been proposed by sev
eral 
workers66 - 70 (eqs. (6)). Calculations of the interfacial stresses 
and critical particle size·s for the specific microstructu
res 
considered here are presented in Table IV. Comparison of 
the 
calculated cr.itical spherical diameters with th~ ac
tual 
measured values (Table III) suggests that both bimodal 
composites are reasonable close to the threshold 
for 
spontaneous microcracking. Indeed, microscopic observatio
n of 
unstressed, polished microstructures revealed the presenc
e of. 
occasional microfractures in both AM56+JOA and AM56+-30M. 
For both AM56+30A and AM56+30A the crack path has 
been deviated due to the pres~nqe of localized residual str
ess 
fields associated with the second phase particles. However
, it 
is not clear what toughening mechanisms are responsible 
for 
the rising R-curve behavior. Unl·ike the composites studied
 by 
Lutz et al., only minor crack branching and a small amoun
t of 
stress induced microcracking were apparent 
. 
in the 
microstructures. The crack deflection may enable formatio
n of 
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Table IV. CALCULATED RESIDUAL STRESS AND CRITICAL PARTICLE 
SIZE FOR BIMODAL ALUMINA-MULLITE COMPOSITES 
AM56+30A AM56+30M 
Sphere Hydrostatic Pressure, .P -676 MPa +366 MPa 
Radial Stress, ar m at interface +676 MPa -366 MPa 
Hoop Stre·ss, at m at interface -338 MPa +183 MPa 
Critical Radiu~, Re (D=l) 28 µm 63 µm 
Critical Radius, Re ( D= 4 -) 111 µm 251 µm 
Critical Sphere Diameter 56 to 222µm 126 to 502µm 
Calculations were made using eqs. (1), (2), (3) and. (6), based 
on the following assumptions; 
i) The mat.rix CTE, am, obeys a simpie rule of mixtures, so 
that am = V 1 a 1 + Va 2 , w he re V 1 2 and a 1 2 a re the v o 1 u me I I 
fraction and CTE of phases 1 and 2 respectively. Thus, using 
-6 o -1 d -6 o -1 th t ' 
a a l um; na = 9 X 1 0 C a n a f u l l i t e = 5 x 1 0 C e ma r l x 
CTE is; O'.m = 6.8 X 10- 6 0 c-. 
ii) There is no stress relaxation below 1220°C, ie. ~T=l200°C. 
iii) The matrix Poisson.'s ratio is equivalent to that for the 
s in g 1 e p ha s e mate r i a 1 s , i e . v m = v mu l l i t e = v al um i na = 0 . 2 6 
iv) The matrix Young's modulus, Em, is the arithmetic mean of 
the Voigt upper bound model; Ev = V1E1+V2E2, and the Reuss lower 
bound model; ER = E1E2/ (V1E2+V2E1), where V1 2 and E1 2 are the I I 
volume fraction and elastic modulii of phases 1 and 2 
respectively. 
Thus , us in g Eal um; na = 4 0 0 GP a and Emu l l i t e = 1 5 0 GP a , the mat r i X 
elastic modulus is; Em= 233 GPa. 
v) The matrix toughness, K1e, obeys a simple rule of mixtures 
based on volume fraction as demonstrated in section 4.1.4. 
Thus, using values of 4.5 MPam- 112 for alumina and 2.5 MPa-
112 
for mull i te the matrix toughness is; K1e = 3. 4 MPam-
112. 
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large scale crack bridges within the matrix. It is also 
possible that the spherical alumina particles in AM56+30A are 
acting as bridging sites. 
Finally, it is valuable to compare the indentation-
strength responses of the two bimodal structures with the 
expected responses for uniform . I fine grain material of the 
same net composition ( figs. 32 and 33). Even with identical 
mullite contents the flaw sensitivity of the uniform and 
b.imodal structu-res are. completely different. The composite~ 
with added agglomerates display superior f1!:1w tolerance in 
comparison to their fine grain counterparts. This result is 
contrary to traditional ceramics processing phiiosophy
115
-
117 
which advocates the elimination of agglomerates for mechanical 
reliability. 
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Fig. 32 Indentation-strength response of AM56+JOM compared to 
that of~ fine grain, uniform composite of the same mullite 
content. Improved flaw tolerance is observed for the bimodal 
structure. 
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Fig. 33 Indentation-strength response of A
M56+JOA compared to 
that of a fine grain, uniform composite 
of the same mullite 
content. Improved flaw tolerance is observ
ed for the bimodal 
structure. 
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5 CONCLUSION 
The following conclusi.ons were drawn from the 
present study of alumina-mullite ceramics. 
1) Conventional wet powder process·1ng techniques were 
successful in producing a well dispersed mixture of the two 
phases. Spherical -spray dried granul~s maintained their 
morphology during processing which enabled the fabrication of 
model-like bimodal composites. 
2) The presence of free silica 1n the 3Alz03. 2S iOz 
compo~ition caused exaggerated growth of the mullite grains. 
Addition of alumina appeared to eliminate this glassy phase. 
3) Dramatic ' coarsening resistance was exhibited by the 
alumina-56vol.% mullite at 1825°C in comparison to its single 
phase constituents. This is attributed to; (i) removal of the 
liquid phase mentioned above, (ii) lengthening of the grain 
boundary diffusion paths, (iii) physical constraint derived 
from the interconnected nature of both phases. 
4) Variation in hardness of the fine grain, homogeneous two 
phase materials displayed a "linear dependence on mullite 
composition. 
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5) Indentation-strength testing detected no R-c
urve behavior 
for all the fine grained composites. T
he fiacture toughness 
obeyed a simple rule of mixtures rel
ationship to mullite 
volume fraction .. 
6) For the fine grain materials a fractu
re mode change was 
observed from predom·inan'tly intergran
ular to transgranular 
with increasing mullite content. 
7) Coarsening of the AM56 material ind
uced a stronger R-
curve response than observed for sin
gle phase alumina of 
comparable grain size. This was attrib
uted to the greater 
localized residual stresses derived fr
om thermal expansion 
mismatch. Fracture path mi6rographs sup
port grain ·bridging as 
the dominant toughening mechanism. 
8) Addition of JOvol.% alumina or mullit
e spherical 
agglomerates (-50 µm dia.) to a fine grain 
AM56 matrix 
resulted in superior flaw tolerance co
mp~red to the matrix 
alone. This is contrary to conventio
nal processing wisdom 
which advocates homogeneous, agglomer
ate free ceramics for 
structural reliability. Microstructur
al evidence suggests 
crack deflection, microcracking and po
ssibly grain bridging 
all contribute to toughening in these m
aterials. 
9.1 
9) The rising R-curve observed for the bimodal composi
tes 
was more pronounced where alumina agglomerates 
were added to 
the matrix. In this case, the surrounding matri
x experiences 
a compressive hoop stress which tends to deflect
 cracks around 
the agglomerates. This _i_s thought to be an int
rinsicly more 
stable situation then for the mul 1 i te agglome
rates were the 
matrix 1s subjected to residual tensile hoop stresses and 
cracks tertd to be diverted towards, and often
 through, the 
agglomerates. 
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APPENDIX I 
Determination of P(u) 
The closure force provided by a single b!idge at a 
certain stage of pullout can be calculated by consideratio
n o·f 
the frictional forces involved. Fig. 12b illustrates 
this 
situation where u is a variable that defines the (half) crack. 
wall separation at the :bridge 1uL is the crack wall separa
tion 
at which bridge disengagement from the matrix occurs. T
hus, 
the bridge-matrix contact area is given by 4t (2uL - 2u). The 
available Coulomb sliding friction force, F, is then sim
ply 
the product of the coefficient of friction,µ, and the app
lied 
normal force. This normal force 1s in turn given by 
the 
product of contact area and compressive residual stress, 
aR, 
(Al) 
Consideration must now be given to the equilibrium 
of forces due to residual stress. Since it is assumed that
 the 
bridge area (Ab) is :under compressive stress (aR-), and the 
matrix area (Am) is in tension (aR) the equilibrium is given 
by 
• • • 
(A2) 
The ratio of areas can be determined from a plan 
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view of· the microstructure (fig.12a). The area defined by the 
~ashed square (4d2 , where d is the bridge spacing) contains 
two bridges each of area e2 • Thus, 
Arri Ab = ( 4 9 2 - 2 e 2 ) / ( 2 e 2 ) 
= ( 2d2 / e2 - 1) 
Combin_ing equations (Al), (A2) and (AJ) gives 
. . . ( AJ) 
t\ 
(A4) 
This forces -acts over the crack a.rea supported by 
one bridge, ie. 2d2 • Hence, the closure str~ss provided by one 
bridging element as a function of crack opening displacement 
maybe calculated by; 
. . . (A5) 
Now ·the principle of qeometrical similitude will be 
invoked. That ts, microstructura1 changes in sea.le do not 
change the proportions and angles of the structure. This 
enables the definition of· several geometrical parameters that 
remain scale invariant, 
al - L/f 
ad - d/f 
EL - 2ul/L 
• • • 
. . . 
• • • 
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(A6a) 
(A6b) 
(A6c) 
Substituting into equation (A5) gives 
. . . (A7a) 
where 
(A7b) 
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APPENDIX II 
Derivation of the Relationship Between a, and P for 
a Material of Single Valued Toughness 
The interaction of a sharp indenter with a material 
is a cofuplex process involving elastic/plastic deformation and 
the development of a network of cracks subject to a residual 
contact field. This stress state has been analyzed for the 
idealized case of a radial crack emanating frdm a Vicker's 
indentation site. Al ,A 2 The express ion deve 1 op for the residual 
stress intensity about such ·a crack 1s 
. . . ( BA) 
where x is an elastic-plastic constra·int constant for a 
particular material system.A3 Pis the indentation load, and 
c the crack radius. 
The. stress intensity for a simi.lar half penny crack 
due to an externally applied stress (aa) is given by 
. . . (9A) 
where$ is a geometrical constant. 
Thus for the case of indentation-strength testing 
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the net driving force for crack. propagation is the
 
superposition of eqs .. (8A) and (9A), 
(lOA) 
At .equilibrium fracture this quantity will be 
equiv a 1 en t to the int r i n.s i c toughness o f the mater i a 1 T
 0 
(assumed to be constant). Hence, 
K - XP/c 312 + $o.fc 112 - T0 (llA) 
where Of 1s the applied stress at fracture. 
The crack c:onfiguration at which the equilibrium 
becomes unstable occurs when Dk/de= 0. Applying this to eq. 
(llA) yields the critical crack size, cc, at fracture 
. . . (12A) 
Subs ti tut ion of cc back into eq. ( 1 lA) enables 
evaluation of the rel.ationship between Ot and P, 
... (13A) 
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